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NACA ACR NO, 5D04 

EAT IOXAL ADVISORY C OXi!:ITTEE FOR AEROXAUT I C s  

ADVANCE CONFIDENTIAL REFORT 

F L I G H T  iIJV?3S'I'iGATION OF THE VARIATION OF DRAG C O 3 F F I C I E B T  

By Telko E, Gasich and Lawrence A, Clousing 

An inves t iga t ion  of t h e  e f f e c t  o f  coxpressi 'o i l i ty  on the  
drag of a 3 e l l  P-39U-1 airplane has been made i r i  f l i g h t  as 
pa r t  o f  a drar study on several  hich-speed a i r 2 l a n e s  c u r r e n t l y  
i n  production. 
was from 0.2 t o  about 0.8, 

The I.ach Ember range covered i n  these t e s t s  

The rii?iimum drag coe f f i c i en t  a t  low ?dach number was found 
t o  be 0.022. The drag coe f f i c i en t  started.  to increase a t  a 
F.?ach number of 0,62, reaching a value a l m o s t  Lhree times as  
grea t  a t  a fIach number o f  0.00, From the r e s u l t s  of the t e s t s  
it appears t h a t  t he  terminal  Mach nm'ber f o r  tlLe a i rp lane  dur- 
ing a dive frorn service ce i l i ng  i s  about 0,30. 

INTRODUCT 101: 

One of the compressibil i ty e f f e c t s  which occurs on air-  
planes i n  f l i g h t  a t  speeds approaching those of the speed of 
sound i s  t h a t  of a large increase i n  the a i r p l a n e  d r a g  coef- 
f i c i e n t ,  The ;:ach number a t  which t h i s  d raz  increase occurs, 
and the a b i l i t y  t o  p red ic t  i t s  magnitude, i s  a subject o f  in- 
tense resaarch a t  present ,  because the  high-slleed performance 
of modern a i rp lanes  i s  a f fec ted  by the  na-t-xe 02 the drag in-  
crease.  A l s o ,  the terminal dive speed of air;?lanes i s  d.eter- 
r.iined t o  a l a r z e  extent  by -the nature of  t h e  i m r e a s e  of  drag 
a t  high hlach nwiihrs. At present,  r e l i a b l e  f u l l - s c a l e  da ta  
on the  drag cha rbc te r i s t i c s  of a i r p l a n e s  a t  high Mach numbers 
a re  qu i t e  limited. 



2 NLCA ACR NO,  5D04 

As a resii.lt ,  t he  Ames f .eronautica1 Laboratory has under- 
taken drag-in-Jestigations i n  f l i g h t  of s eve ra l  high-speed a i r -  
planes c-xrrently i n  production, The present inve s-tigation was 
coxiducted t o  determine the  manner i n  which the  drag coe f f i -  
c i e n t  o f  a Bel l  P-39N-1 a i r p l a n e  va r i ed  wi th  Kach number. 
Measurements were taken up t o  t h e  h ighes t  value o f  T&ch number 
a t t a i n &  l e  

In  conducting the  inves t iga t ion ,  it was found necessary 
t o  devote specj-a1 stitdy t o  t h e  technique f o r  t h e  determination 
of drag c h a r a c t e r i s t i c s  o f  a i r p l a n e s  i n  f l i g h t .  4- desc r ip t ion  
i s  presentmi herein o f  t he  methods used, and t h e  r e s u l t s  ob- 
tuincd Lhroiigh the ?ise of different methods o f  computing t h e  
drag are  comparedc 

In  t h e  der ivat ioE of the folli;;r.kiS by which t h e  drag coef- 
f i c i e n t  I s  ob'iained, t ho  follcrw-ing synbols  a r e  used: 

F total f o r c e  L ) a r a l l e l  ';o f l i g h t  pabh a c t i n &  t o  acce le rh t e  
t h e  airpl:ir,e, pounds 

s distance through which f o r c e  a c t s ,  f e e t  

m mass of  a i r p l a n e ,  T/g, pound-seconds sq;xar-od per f o o t  

a acce le ra t ion  of  a i rplnne a l m g  f l i g h t  path ( i n  d i r e c t i o n  
o f  I?), f e e t  per second squared 

g accelera-tion due t o  g rav i ty ,  f e e t  per second squared 

h trw a l t i t u d e ,  f e e t  

v t rue  airspeed,  miles  per  hour 

D t c t n l  drag o f  a i rp l ane ,  pounds 

q dynamic pressure,  pounds per cquare f o o t  

S vri.ng a rea ,  square f e e t  

I 

I 
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Ax,  longi tudina l  accelcratiovi f a c t o r  due t o  a c c e l e r a t i o n  0,” 

a i r p l n m  through Lpace 

A z ,  normal acce le ra t ion  f ac to r  due t o  a t t i t u d e  of a i rp l ane  
i n  t e r r e s t r i a l  g r a v i t a t i o n a l  f i e  Id 

norrial acce le ra t ion  fac5or due t o  accelers7,ion of a i r -  
AZ e plane through space 

2 angle  of f l i g h t  path as measure.d froni hor izonta l ,  degrees 

a migle of a t t a c k  of thrust l i n e ,  degrees 

Id Vach angle 

DESCRIPTION OF ?:E AIRPLANE 

Thc Re11 P-5911-1 a i rp lane  i s  a s ingle-place,  low-wing, 
c a n t i  lever moiioplatie powered by a 1200 brake horsepower ( take- 
off r a t i n g )  A l l i son  V-17 10-85 l iquid-cooled engine dr iv ing  a 
three-blade Aeroproducts propel ler .  
arrangement draw5ng o f  the a i rp lane .  Figure 2 i s  a photograph 
o f  t he  a i rp l ane  as  in s t rumnted  f o r  the  f l i g h t  t e s t s .  
fol lowing spec i f i ca t ions  of t h e  a i rp l ane  were taken  almost cn- 
t i r e l y  f r o m  references 1 and 2: 

Figure 1 i s  a general-  

The 
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A i  r p l  m e ,  g ener a1 

Span e 9 o s a a o 3 4 . 0 f t  

Leagth . . . . . . . . . . . . . . . .  30.167 f t  

Weight (xormal md appro>:. as flown) . 7629 lb 

Center of g rav i ty  ( f o r  normal gross  
w e i g h t  and approx. as f lown).  . . .  9.285 Y..A,C. 

Wing 

A i r f o i l  sect ion,  r o o t  . . . . . . . .  RTACA O O i 5  

A i r fo i l  sec t ion ,  t i p  . . . . . . . . .  NACA 23009 

Type . . . . . . . . . . . . . . . . .  All i son  'J-1710-85 

Ratings (bhp/rpm/altitade) 

Take-off . . . . . . . . . . . . .  1200/3000/sea l e v e l  
Mi l i ta ry  . . . . . . . . . . . . .  1125/3000/15,500 
Iiomal . . . . . . . . . . . . . .  1000/2600/14,00@ 

Gear r a t i o  . . . . . . . . . . . . . .  2.%3:1 

Propel ler  

Type . . . . . . . . . . . . . . . . .  Aeroproducts, 
constant-  speed ,  
ho 1 low- s h a f t  

Blade design . . . . . . . . . . . . .  A-20-156-17 

Number of blades . . . . . . . . . . .  3 

Act ivi ty  f'actor/blade . . . . . . . .  98.5 
, 

Thickness r a t i o ,  75 -pe rcen t  radiils 0.08 

Dinmeter . . . . . . . . . . . . . . .  11 ft, 7 in ,  U 
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Standard IJACA i n s t r m e n t s  were  used t o  record photograph- 
i c a l l y ,  as a funct ion of t i ne ,  q u a n t i t i e s  from which t h e  f o l -  
lowing va r i ab le s  could be obtained: i nd ica t ed  airspeed, pres- 
su re  a l t j  tude,  noma1 accelerat ion,  l ong i tud ina l  acce le ra t ion ,  
ensine mmifo ld  pressure,  engine spwd ,  and approximate angle  
o f  a t t a c k  of the t h r u s t  l ine.  The instrument f o r  measuring 
lorigitudinnl acce le ra t ion  was made e s p e c i a l l y  s e n s i t i v e  f o r  
t h e  puriiose of t h e  t e s t s ,  

The recording instrumlsnts, as i i i s t a l lod  i n  t h e  airplane,  
could be read t o k 2  milcs per hour f o r  t h e  indicated airspeed,  

k2@3 f 6 e t  f o r  t h e  a l t i t u d e ,  f 0 , l g  f o r  the normal nccelerat ionc 
i r ) , O l g  f o r  t h 3  longi tudinal  accclerat ion,  f0.2 inch cf mercury 
f o r  +he maxifold pressures  f20 rm f o r  t h e  engine speed, and 

f o o 2 0  f o r  the ang!e o f  at tacki,  
- 

The tcnip3rature was mdasured by t h e  p i l o t f s  s e rv i ce  the r -  
mometLr c, Tm;\=raturl: so.rvdys were made i n  ascending and de- 
sccndin-, f l l g h i  in al e i f fdr t  t o  e l i , : i na t c  c r r o r s  i n  t m p e r a -  
t u r c  rcadiny caused oy t h e  l a g  e f f e c t  i n  t h e  systemf The 
avcragc. tt..ipcratdre read ivas ccrrcckbd f o r  t h e  tcmperaturc 
r i s e  caused by t h e  ccmpression oi? t h e  a i r  due t o  t h e  spccd o f  
t h e  ai rplane.  

The head used f o r  t h e  nirsFeLd md a l t i t u d e  moasurcmcnts 
was f r c r l y  s1;iveling and wcLs niountcd on t h e  end of a boom ex- 
tending about 4 f e e t  ahead of t h e  leading cdgt: o f  t h e  r i g h t  
wing zt  a spmvriss loca t ion  about 7 f e e t  inboard o f  t h c  r igh t  
wing t i p o  The airsplscd h e w  consis ted of two scps rn tc  s t a t i c -  
p r i s s u r e  tubes (onc of which was comectcd  t o  t h e  oirspccd re- 
corder and t h o  o the r  t o  the  a l t i t u d o  recorder)  with a s i n g l e  
to t a l -p re s su re  tube loca ted  between them. 
a l t i t u d c  recorders  were rnomtcd i n  t h e  r i g h t  tving a t  t i i t  base 
of t L c  ' ~ o o I ; ~ .  The t o t a l -  and s t a t i c -p rcs su re  l i n c s  t o  t h e  air- 
speed rccordcr  were balanced so t h a t  a sudden pressure change 
cqual lv  applied t o  both t o t a l -  and s t a t i c -p rcs su ro  l i n c s  a t  
t h o  airspeed head caused no reading of t h o  airspeed recorder.  
Thc l i n e s  t o  t h e  a i r s p x d  recorder and a l t i t u d e  recorder were 
of &out t h e  s m o  length and s ize ,  being about 5 f e e t  long 
and of 0.12 inch i n s i d e  dianlctcr. The magnitude of the l a g  
e f f e c t s  i n  thc, a l t i t u d e  and airspeed recording systcms was  
lrreasured by a spec5ally built growd  setup,+.and was found i n  
both systems t o  bo  s n a l l e r  than an e r r o r  i n  pressure equiva- 
l e n t  t o  5 f e e t  of a l t i t u d e  with t h e  a i r p l a n e  i n  a dibe a t  

The airspeed and 

. 
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terrnlrial Mach nuniber, The rmording  am serv ice  s t a t i c  heads 
w x e  ca l ibra ted  f o r  pos i t ion  e r r o r  by ccinparicg t h e  readings 
02 t h e  recordlng and se rv ic -  a. l t inieters with t h e  l ~ ~ o i ~ n  pres- 
sure  altitude as  t h e  a i r p l m e  was f l o w n  a t  severa l  spscds p a s t  
a refcrence height,  
p r t s s u e  rJas obtainedr 
t h e  h e s  16-,f'oot wind tunnel showed t h a t  che e r r o r  in recorded 
airspeed,  due t o  t h e  d i f f e r snce  i n  LZCh number oetwcen Ync 
h i p s s t  value obtaiaed i n  t h e  f l i g h t  c a l i b r a t i o n  (0,50j and 
tile highest  value 03tt;ined i n  t h e  f l i g h t  t c s t s  ( 0 , 8 0 ) ,  was lcss 
than 1 pcrctmt, Indicaked airspeed, a s  used i n  t h i s  repor t ,  
was cornputed accordir-g t o  ',he formula by :&ich standard a i r -  
speed meters are griduated (gives t r u e  airspeed a t  standard 
sca-leva1 condi t iors )  

It was a s swed  t h a t  t h e  co r rec t  t o t a l  
Cal ibra t ion  o f  t h e  recordiilg head i n  

The f o r m l a  may be vu?! t c c n  as folloTws: 

V correct  i rd i ca i cd  zii-speed, mi les  per hour 

H free-ctream t o t a l  prl,ssi.ire 

p free-strcrzm s t i t t i c  pressure 

F, standard Rtmospheric pressure  a t  sea  l e v e l  

Thc an&lc o f  a t t a c k  o f  +lie t h r u s t  l i n e  -.ias i.ndlcatr;d by 
a vane m o m t e d  on tize f 'orvrer3 end 02 a boom loca+ed a t  a :par- 
w;.se s t a t i o n  6.7 f e c t  inboai-d f r o n  t h e  l o f t  i i r in~  til- and. cx- 
t i ,ndirg 3.5 f u e t  ahced o f  t h e  w i n 8  l ead ing  edge  s i n i l a r  t o  t h e  
airspecd-hca.d I n s t a i l a t i o n ,  The angle  os" a t t a c k  as mcas:.lred 
by t h ' s  vane - m s  used i n  th i s  ana lys i s  without ray cor rcc t ions  
being appl i id  f o r  p o s i t '  i3n  e r r o r o  

It was  found necessary i n  t h e  course of t h e s e  analyscs,  
as - ; J i l l  be Lxplaincd la. ter,  t o  calcula-ce drag c o e f ' i c i e n t  f r o T  
high-spced-dive h t a  f o r  I'acF n:ur,bers above 0,5 and from s p e d -  
power drba  f o r  1' c11 nmsevs  , ie lnw t h i s  f i g u r e ,  
en t  r.,etE_odc wtre aD,Jlicd o ,hc dive datd,  7 , d i i l c  a single 1:eth- 
OCL w;ls t l g ~ l i ~ C i  t o  t h e  dpetd-powur da ta ,  

Three d i f f o r -  

. 
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The methods which were applied t o  t h e  dive d a t a  w i l l  bc 
r e f e r r e d  t o  i n  t h i s  repor t  as (1) f o r c e  method, ( 2 )  energy 
nlcthod, and ( 3 )  accelerat ion method, 
appendix A are as  f o l l o w s :  

The equations derived i n  

(1) Force method 

( 2 )  Ehergy method 

(3)  Acceleration method 

The equations shown in  t h c  foregoing f o r  t h e  f o r c e  and energy 
methods are i d e n t i c a l  except f o r  forme It was f o l t  t h a t  a d is -  
t i n c t i o n  should bo made, howevw, i n  order t o  emphasize t h e  
s ign i f icance  of t h e  tcrms within t h e  brackets.  Also ,  thc  im- 
p l i e d  d i f f e r e n t i a t i o n s  were advercd t o  i n  applying t h e  cqua- 
t ions.  

The foregoing methods yielded poor r e s u l t s  when appl ied 
t o  t e s t  d a t a  where thc! Mach nwiDcr was below 0.5; therefore ,  
~isth,or zc ths2  -.vas r l a y ~ 1 c n c ~ d  r - -- m ~ b 5 ~ h  W R S  a ? p l i c a b l o  t o  da ta  ob- 
ta ined  during speed-power rum i n  leve l  f l i g h t o  This method 
i s  discussed i n  appendix B, but  i s  not completely derived be- 
cause of t h e  ra thor  lengthy s e r i s s  o f  computations involved. 

In c-valuating the t o t a l  t h r u s t  developed by t h e  engine- 

The exhaust t h r u s t  was 
propef fcr  combination, it was necessary t o  include both the 
exhaust t h r u s t  end p r o p e l l e r  t h r u s t .  
estjlnet3d by t h e  method used i n  reference 3 and t h e  p r o p e l l e r  

. 



a NACA M K  No, 5D04 

Thi: cr,giar: brake horsepower vms dutcrmirled from t h e  manu- 
f a c t u r c r f  s cnginc-power c h a r t s  by en te r ing  readil;gs of thc: r o -  
cording a l t imc te r ,  rpn rocordcr,  bid manifold pr t :ssure  recorder. 
I n  nxiy instances, thc  manifold prossure a t  given a l t i t d 3  a d  
eng i n  c - 7 p e e d c ondi t i on s ox c e e d ed t h a t  s ho;w 5y t h e  eng i n  c - p 07:ir (3 r 
c h a r t s o  In such cascs  it was a s s u m ~ d  t h a t  a l-ine o f  constant 
rpni and manifold pressure; could bc e;ctrapola-ccd !.inca.rly t o  the 
higher  a l t i t u d e  t o  dctcrr,!inc cn;;inc power. It  might, bi? pointed 
out t h a t  t1ii.s assumption i s  no t  cxact ly  t r u e ,  boca i icc  t h c  3.d- 
dFtiofia1 xiianilold press!irc i s  no t  supplied by the goar-driven 
supercharger wi th in  ?;ho cngina b a t  by t h c  rom cff'cct in thct fuel- 
inductiori system; hcricc, t h o  xiianifold pressure i s  not obtained 
m t i r c l y  u ; ~  t h c  cxpcnditu.ro 02 poz-zr i n  t h e  jirperchnrgi-;r a Thc 
anount of  ran pross.irc i ~ ,  ho:wvcr, sxck a small pcrccntagc of 
t h  t o t a l  nani fo id  prrjssure th:,it i t  ~m.s  boliovc;d t h a t  no c w c -  
ous c r ro r s  r e s u l t c u  f r o z  t h i s  assumption, 

TESTS, 

Thc da t a  were obtained i n  h igh - sped  dim:: and i n  specd- 
pc?Y:or rum with thc a i rp l anc  i n  t h c  cloan condition with o i l  
and coolant shutter:, onc-half o p m  ( f l u s h  1~5th tho ex te rna l  

er!ipmria.e'c: and r i g h t  wing, hnving k3on  placed t h e r e  f o r  o t h e r  
t z s t  purposos, 2nd ai e x t r a  iiurial ;n:;,st wac mounted ahcacl of 
tlli.: coc::pit canopy. A roscarch wylc;-of-attack heat 3xd boom 
was niountcd on tl:;. 1 3 t  wing ,md a rcscarciz a i rsposd h o d  and 
boon vas mounted on the r i g h t  vrfng, ;? bomb rack and ;:'jay 

r e  mounted undir  t h c  ci;:rt,cr o f  t h e  f u c : l a g ~ .  I n  cr- 
der  t o  ir,sur-c th?-;; t h e  landing-whcel doors d i d  not open a t  
high a p x i l o  rmd p i l l - o u t s ,  s p c c i a l  l a t ches  were i n s t a l l c d  so 
t l i a t  t h e  doors w x c  p o s i t i ~ ~ l y  locked during f l i g h t ,  A l i s t  
o f  t h c  divus invo1vi.d i n  thcsc tests end thc: approxim,stc 
f l igh t ;  conditions during t h e  Ciivcs 81°C p re sc i t cd  i 2  t x t l c  I. 

I linGs of Puaclage), Prsssure  orlf 'ccs i:cre prcsont i n  t h e  

In  ordLr thz'i thi '  i'orco, encrgj,  and acce le ra t ion  r,.i?hods 
of dctcrri!inj.nZ t h e  drry coef f ic icn ' ;  C O U ! ~  bc  compnrcd j n  rc- 
2 ~ 1 r d  t o  accurucy and consistdncy, t r io  divcs, t h e  t i r c  h i s -  
t o r i e s  of i h i c h  a r c  shovm i n  Sigirrss  3(a)  m d  3 ( b ) ,  liere ann- 
lyzed by each of' t h e  ixethods, 
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Figure 3(a)  shows a t ime  h i s t o r y  o f  a power-on dive (d ive  

The maximum indicated airspeed reached was 464 miles  per  
No. 1 of t a b l e  I )  f r o m  30,0@G f e e t  a t  f u l l  t h r o t t l e  and 3050 
rpm, 
hour a t  12,500 f e e t ,  The maximum Mach number reached i n  t h e  
dive was 0.765, 
a t  a normal acce lera t ion  of 6 Og. T t  should be not iced t h a t  
t h e  manifold pressure kept r i s ing  constant ly  u n t i l  a value o f  
50 inches of‘ mercury was reached, a t  which poin t  t h e r e  was  a 
shar? break and t h e  pressure became constant.  This break vas 
due t o  t h e  pilat’s th ro t t l i i ig  back i n  o r d o r  t o  keep t h e  m m i -  
f o l d  pressure below t h e  maximum permissible  value of 51 inches 
o f  mercury. 

The airplane was  pul led out a t  11,500 f e e t  

Figure 3(b)  shows time h i s t o r y  of a power-on d ive  (d ive  
No. 2 of  t a b l e  1) from 28,000 f e e t  a t  p a r t  t h r o t t l e  and 2800 
rpm. The maximum indicated airspeed reached i n  t h i s  dive was 
471 miles per hour a t  10,300 f ee t .  
reached was  0.777. The reason f o r  t h e  sudden decrease i n  manifold 
pressure a t  t h e  beginning of t h e  dive i s  due t o  l o s s  of  power 
caused by malfunctioning of t h e  fuel- induct ion system of  t h e  
engine when negative accelerations are incurred. 

The maximum Nach number 

The a i rp lane  drag coef f ic ien t  calc’ulated from t h e  data 
obtained i n  t h e  dive shown i n  f i g u r e  3(a) ,  as determined by 
t h e  t h r e e  methods of evaluation, i s  shown i n  f i g u r e  4 ( a )  with 
a i rp lane  drag coe f f i c i ex t  CD p l o t t e d  as a func t ion  of iilach 
number E;. The r e s u l t s  a r e  presented only f o r  Nach numbers 
above 0,6. The Trariation of CD with M as determined by 
t h e  acce lera t ion  method appears t o  be t h e  m o s t  reasonable 
v a r i a t i o n  of those  shown. The energy and f o r c e  methods are 
cons is ten t  within themselves t o  a small degree, but  are i n  no 
way cons is ten t  with t h e  accelerat ion nethod, 
f i c i e n t  curves determined by t h e  f o r c e  and energy methods, 
i n  f a c t ,  show an i l l o g i c a l  v a r i a t i o n  with l h c h  number. 

The drag-coef- 

An attempt was made t o  i n v e s t i g a t e  t h e  reason f o r  t h i s  
v a r i a t i o n  by assuming t h a t  the curve of  CD p l o t t e d  as a 

method was cor rec t s  From this curve t h e  d a t a  were worked 
backmard u n t i l  a time h is tory  of t h e  t r u e  airspeed was deter -  
mined. A comparison of t h e  ac tua l  v a r i a t i o n  of  airspeed with 
time t h a t  was obtained from t h e  d a t a  showed t h a t  i n  no case 
xas there a d i f fe rence  o f  more than  5 miles  per hour t r u e  
airspeed, Thfs e r r o r  in measurement of true airspeed i s  en- 
t i r e l y  possible ,  espec ia l ly  when it i s  r e a l i z e d  t h a t  i n  deal-  
ing with t r u e  airspeed an accurate temperature measurment i s  
necessary t o  obtain t r u e  airspeed from indica ted  airspeed. 

fi;iiCt:aii af 2:ach :cL>cy 3:: “etez.iz& h i r  “ J  ecct==erat.inn 
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Ilerice, it would appear t h a t  inherent ly  t h e  energy a id  f o r c e  
methods a r e  t o o  s c n s i t i v e  t o  minor e r r o r s  ir, t h e  measurement 
02  airspeed t o  make t h e  methods usa'Jle i n  f l i g h t  work. The 
imons is tency  between fo rce  and evergy rrekhod; may h e  due t o  
t h e  f a c t  t h a t  f o r  t h e  fo rce  method two graphica l  d i f f e r e n t i -  
a t ions  are necessary,  one t o  determixe t h e  d ive  angle and t h e  
o tke r  t o  determin.: chs lon$tudinal  acce lera t ion ,  while  only 
one d i f i ' e r en t i z t ion  I s  necesszry f o r  t h e  enerqji method, 

The dray r e s u l t s  of t h e  d ive  o f  f i g u r e  3(b) a r e  ShoTJm 
on f igu re  4 ( b ) o  
f o r c e  mcthods do not agree vr? th each o the r  as wel l  7.5 i n  t h e  
previous exmplc,  although i n  t h i s  c a s e  t h e  energy nnd f o r c e  
methods give lower drag c o e f f i c i e n t s  a t  E!ach nwn'uers less 
t han  @,71 as cornpclrei! t o  va lues  presented i n  f i g m e  4 ( a ) ,  

In t h i s  case the  r e s u l t s  of t h e  energy and 

Leccose of  t h e  apparent inconsis tency of r e s u l t s  obtained 
by t h e  oncrgj  and fo rce  methods, all t h e  d ive  da t a  were f i n a l l y  
der ived by the  accclercit ion nethod, 
f i g u r e  5, Tho r e s u l t s  a r e  cons i s t en t  m d  t h e  t e s t  poii i ts  de- 
termine 2 well-defined cur-re of' rlra; c 3 e f f i c i e n t  a s  a I ' u c t i o n  
of ?tach number f o r  a 1ift-coe":icicnt range of 0.03 t o  0,09, 
The greateesi ii:af:curacy i n  computed drag coe f f i c i en t  a t  t h e  
high I.r*ch num70ers should not er.ceed 2 percent ,  b ' c a ' s e  t h e  en- 
gine t k r d s t  ( p r o p e l l e r  and exhaust)  does not oxczed 7 percenu 
o f  t h e  t o t a l  drag ci t  t h e s e  E'ach nuqbers. The poss ib l e  e r ro r  
r i s e s ,  however, at l ow ""ach nur,ib TS, dlie t o  t h e  vs lue  o f  Lke 
t h r u s t  more c lose ly  qp roach ing  t h &  o f  t h e  drag, A t  a ICach 
number o f  0.5, t h e  th rus t  i s  equal t o  t h e  drag, 

Thcse da5a a r e  sjiorm i n  

" I  

It i s  of i n t c r e s t  t o  no$e i n  f i g u r e  5 t h a t  one ol" t h e  
po in t s  p1o:ted ?r:w o'utained from dive  d a t a  during a t i r e  i n  
t h e  dfve  rscorrerjr i n  v,.liich t h e  X3ch number was decreasing o f t e r  
h,*ving i pache i l  a high -valuer The pos i t i on  of t h i s  po in t  abom 
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t h e  general  curve may possibly be a t t r i b u t e d  t o  a h y s t e r e s i s  
of fec t  caused by t h e  continuance of compressibi l i ty  stall. on 
somc port ion of t h e  a i r p l a n e  following f l i g h t  a t  high Mach 
iimbt?r. It may als:, have been caused by increased bulging 
o r  d i s t o r t i o n  of t h e  surface of t h a  a i r p l a n e  as it dived 
i n t o  t h e  lower atnosphere where a l a r g e r  value o f  dynamic 
pressure occurs a t  a given Kach number t h a n  i s  t h e  case  a t  
high a l t i t ude .  

Data a r e  presented in f igu re  5 on Vie s e c t i o n  c r i t i c a l  
dach numbers ( t h e  f l i g h t  Kach number a t  which +he l o c a l  air- 
speed over t h e  surface reaches sonic ve loc i ty )  f o r  various 
spanwise s t a t i o n s  on t h e  wing of t h e  airplane,  The various 
spanwise s t a t i o n s  a t  vhich the s e c t i o n  c r i t i c a l  Mach number 
of t h e  wing was determined are shown i n  f i g u r e  7, 
t i o n  of wing thickness with span i s  a l so  shown i n  t h i s  f i g u r e ,  
The values of c r i t i c a l  Mach number of each of t h e  spanwise 
s t a t i o n s  shown i n  f i g u r e  7 were determined as described i n  ap- 
pendix D and a r e  shown i n  f igu re  8. The pressure-d is t r ibu t ion  
measuremoiits used i n  cletermining t h e  c r i t i c a l  Mach number of  
each spanwise s t a t i o n  were obtained during t h e  f l i g h t  t e s t s  
reported i n  reference 7, and &re on f i l e  at h e s  laboratory.  
The c r i t j c a l  Mach number f o r  t h e  four  approximately syimetri-  
c a l  inboard s e c t i m s  (0015 t o  G012) i s  about 0 , 6 8 ,  The c r i t -  
i c a l  Uach numbor f o r  the  t i u  sec t ion  ( 2 3 G i O )  i s  much lovier 
than t h a t  for <he s p m e t r i c a i  sections,  because khe t i p  sec- 
t i o n  i s  operat ing a t  o. l i f t  c o e f f i c i e n t  l e s s  than t h e  optimum 
l i f t  coe f f i c i en t  f o r  niaximum c r i t i c a l  Mach number, The values 
of wing c r i t i c a l  ?,Tach cumber a r e  spot ted on f i g u r e  5 t o  show 
t h e i r  r e l a t i o n  t o  t h e  airplane Mach number of drag divergence, 
(Drag divergence i s  defined a s  t h e  poin t  a t  which the  drag coef- 
f i c i e n t  begins t o  increase over i t s  l o w  speed value.) 

The var ia -  

It  i s  seen t h a t  t h e  drag c o e f f i c i e n t  s tar ts  increasing a t  
a Mach number of 0.62, about 0.03 higher than  t h e  t i p - s e c t i o n  
c r i t i c a l  Mach number. The c r i t i c a l  Lach number on t h e  r e s t  of 
t h e  wing i s  not reached, however, u n t i l  approximately 0,06 Mach 
milher ar ' ter  t i e  airpiant!  Ztwh riurriuor- u; h u 6  Giiei-gaiias la 
reached. 
of t h e  a i rp lane  (e .go,  canopy, duct entrances,  etc.) ,  o ther  
than t h a  wing t i p ,  contr ibute  t o  t h e  ea r ly  drag increase.  

It i s  probable tha t  shock waves developing on p a r t s  

f t  is i n t e r e s t i n g  t o  not ice  t h a t  t h e  value of dCD/dM keeps 
The value of gradually increasing up t o  a IIach number o f  0,75, 

dCD/&i between Xach numbers of 0.75 and 0.80 i s  approximately 
0.5. 
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The highcst  Mach number reached i n  any dive was about 0,8 
which appears t o  b e  t h e  terminal  Kach numbcr f o r  t h e  R t l l  P-39N-1 
airplanc when divcd power on f r o m  i t s  se rv ice  c e i l i n g ,  No d i f -  
ference i n  t h e  m a x i m u m  7;ach numbsr attninnbl::  was discerned be- 
tivccn dives whcrc t h e  eritrjr was made by r o l l i n g  ovcr i n t o  t h e  
dive and thoso i n  which en t ry  was  made by pushing down i n t c  t h e  
dive, Calculat ions of t h e  terminal  Nach number which could b e  
rsnciicd i n  a i r e r t i ca l  div2 from 34,000 f e c t  t o  sea l eve l  were 
made by a step-by-stcp process usin3 t h e  drag c u r m  of f i g u r e  5 
mith a s l i g h t  extrapolat ion,  
p s l l e r  t h r u s t  i n  powcr-on f l i g h t  i s  a w r y  small proport ion of 
thc t o t d  t h r u s t  ComponcnfJ, t h o  e f f e c t  of t h e  p r o p e l l e r  t h r a t  
was iieglcctcd i n  these  conputations,  The r e s u l t s  ind ica ted  t h a t  
tlic higliesi M\llncli nmbcr  would bo  obtained a t  an a l t i t u d e  of about 
19,OC)O feet a id  t h a t  t h i s  Razh iiumbcr would be 0,-802, which i s  
but s l i g h t l y  h igher  than tk-e rnaxirrm Mnch number obtained i n  t h e  
drag t a t s ,  Ihc computations indica-teri a decrease i n  Mach number 
as t h t  a i rp lane  continued t h e  dive below 19,900 f c c t ,  

Since a t  high :4ach numbers t h e  pro- 

Thr: h igh-s t  Mach number reached. i n  l cvc l  f l i z h t  during t h e  
t e s t s  was 6.45, Data of  rcfercncc, 8 shoxr, howevLr, t h a t  i.cith 
v r u r  cmurgcncy po-wr 2 IJ-.cli number 0,'' 0.54 can be reached i n  1 m o 1  
f l i g h t  with a Le11 P-391'-1 a i r p l m e ,  'Xth a ;-ach number o f  
drag divcrgmcc of 0.62, the airj?lanc could, therefore ,  be 
f l o w n  about 60 mi lcs  per hour P is tLr  than  a t  procent vcforc 
t h e  comprossibil i ty cfCccC, o n  iirag ivou1.d s t a r t  t o  l i m i t  t h e  h i g h  
spceci0 

1, The r:?inimun drag coe f f i c i en t  a t  low Kach number f o r  
t h e  Eel1 P-391:-1 a i rp l ane  vas  found t o  bo approximately 0,022,  

2 ,  Thc I.'!u.ch number of drag divm-gcncc (th::.t Mach numbsr a t  
which t21e drag cocff ic ioi i t  s t a r t e d  t o  incrcnsc f r o m  I t s  low- 
SFCCC? v?lu;:) -;:as 0,6Z, 

3, Tho naximm Elwh numbor a t t a ined  i n  t h e  course o f  t h e  
t c s t s  vas about 0.30, which nppc.:trs t o  be thc tcrminal  Mzch 
mmbcr o f  thc: airp1,mo. AL t L i s  Mach number, t h e  drag coef'fi- 
c ic i i t  Jras about 0.Q60. 

4. Ths clopc? of t ho  curve of drag coe f f i c i en t  s s  a func- 
t i o n  o f  Kach number (dCD/r.iA') i n  t h e  high Mach number rcg ion  
liias about; 0.5. 
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5. The c r i t i c a l  Mach ambers  of t h e  d i f f e r e n t  a i r f o i l  sec- 
t i o n s  o f  t h e  wing as determined from pres su re -d i s t r ibu t ion  
measurements are,  i n  general, i n  good agreement with t h e  theo- 
r e t i c a l  values of c r i t i c a l  Each number f o r  t h e  var ious a i r f o i l  
sec t ions  

Ames Aeronautical Labor a t  o ry , 
Edoffett F i e ld ,  Califo 

National Advisory Committee f o r  Aeronautics, 
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o r  

from which 

a 
E SubstStu5ing f o r  sin 0 m d  

o r  

where sin 9 and c. a r e  d&enziricd. 3y ;;rayl-iica.l d i f f e r e n t i a t i o n  
xit? respec; t o  time, o f  d t i k u d ?  %id. velocity along t h e  flight 
path- 
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Energy Uethod 

This method involves t h e  equating of +,he changes i n  PO- 
t e n t i a l  and kimtis energy t c  t h e  product o f  f o r c e  and dis -  
tance  as fcllows: 

s ince  

and 

then  

6s w v dt 

F 9 T C O S &  - D 

It i s  seen t h a t  t h i s  method does not  r equ i r e  t h e  use of 
an accelerometers The ouly instruments required a r e  an a l -  
t imeter  and rn airspeed recorder. 
tion of t h e  qumt i ty  
required t o  evaluate  t h e  l a t t e r  p a r t  of t h e  right-hand term 
of t he  above equationo This equation i s  e s s e n t i a l l y  t h e  same 
result as is obtained by t h e  force method, except t h a t  one 
graphical  d i f f e r e n t i a t i o n  i s  r equired insteac! of  two, 
s u l t s  obtzined f r o n  t h e  t w o  methods d i f f e r  only by e r r o r s  due 
t o  t h e  work-up of t he  bas ic  f l i g h t  da ta ,  

The graphical  d i f f m e n t i a -  
( h  i- Va/2g) with r e s p e c t  t o  time i s  

The re -  
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Accei e rn t ion  j;ethod 

Detmnnination o! tlie dra: o f  an airplar,e i n  flight mqy 
b e  made by conzidora t io i i  o f  the accs le -a t ions  iiivolvedE 

D T ccs  CY, + W(sin e - a/g) 

s f n  0 
ta t h e i r  o r i en te t io l i  in the grev i t a t iona l  f ie lc i ,  

is mcasdrd by the cr\mi)onmts 01’ the accelsrorr.etor due 
Thcreforc 

I L 

a,/g i s  raeasurcd by +,hc ccinponer-ts o f  tjnc accelerom9ter d x  
t o  t h e i r  acce le ra t ion  a!.cnz the f l i g l L t  p a t h o  Therefore 

then 

o r  
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APPENdIX B 

17 

The following discussion presents  t h e  method by which t h e  
drag coef f ic ien t  a t  10". DJa2.h numbers was obtained from speed- 
power d a t a ,  
a i rp lane  pilar mzj '3e represented by a p a r n b o l a  i n  t h e  nornial 
flyizlg range; f o r  exampie., lift coef.Cic,ien+s frox 0,O t o  0.8. 

The r.ie-c;icd i s  based on t h e  a s s m p t j o n  t h a t  t h e  

The equation f o r  t he  parsbola i s  then  m i t t e n  as 

where 

CD t o t a l  a i rp lane  drag oocf f ic iea t  

e f f ec t ive  p a r a s i t e  drag c o e f f i c i e n t  
cD2 

e a i rp lane  e f f ic iency  fRc to r  

A aspect r a t i o  

3y proper ma thmat i ca l  manipulation, t h e  following equa- 
t i o n  .For indicated t h r u s t  horsepower required for l e v e l  f l i g h t  
m y  be det  e m  ined: 

where 

f c s, sq ft 
DP 

V i  ./';? Vtrue, mph 

Ti a i rp lane  gross weight, lb 

5 airplane span, f t  

The above-mentioned formula f o r  t he  power-required term de- 
f i n e s  a s ingle  curve of ilidicRted power required a s  a func t ion  



of  indicated a i r specd  f o r  all a l t i t i l des ,  By t h e  proper a r p l l -  
c a t ion  o f  t h e  forc;going formula,  f l i g h t - t e s t  d a t a  may b; re- 
duced. t o  g ive the  a i r p l m e  paramoters e and f .  This may b e  
accomplishccl by r eprcsenting t h e  power-required equatioE as 
l i r icar ;  t h a t  ts, represented by t h e  i n t e r c e p t  equation of a 
s t r a i g h t  l i n e  

Z + L l  
a b  

1 
" " H  

and 

y t e  

Hcncc the power-required equatior, bccomes 

a 
~ O ~ ~ ~ ~ ~ b l - ,  theii t i ie i n t e rcep t s  0;' t h e  line passing through 

the  given t e s t  po in ts  d.ctermirie thr: equivalent  f l a t - p i a . t e  a r ea  
f ami a i rp lane  e f f i c i e n c y . f a c t o r  e. I n  order  t o  de.tcm;Sne 
t!ie hd ica ted .  t h r u s t  power, it i s  ilecessary t o  de f ine  t h e  en- 
gine brake h o r s c p o w ~ r  by mngine cha r t s  o r  a to rqueneter ,  as t h e  
case m y  be, From the  poxcr condi t ions (rpm, a l t i t u d e ,  e tc . )  
t h e  p r o p e l l e r  e f f i c i ency  may b o  detcrmined mid hence $he pro- 
p e l l e r  t h r u s t  poirdr. To t h i s  povor  must be added t h e  exhaust 
t h r u s t  power, i f  mye Exhaunt t h n i s t  may be est imated by t h e  
mothod o f  r c f e r e m e  3, 
poxer by J'-& , t h e  ind ica ted  poucr requi red  ( t h p i )  i s  de- 
tcrnined, leaving only t h e  g r o s s  weight and ind ica t ed  a i r speed  
t o  Se cvaluated, 

V i  t h p i  

By mult iplying t h i s  value of t h r u s t  
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Propulsive e f f ic iency  was estimated from cha r t s  presented 
i n  reference 4 corrected f o r  t i p  compress ib i l i ty  e f f e c t s  using 
t h e  da ta  obtained from reforence 5, These d a t a  a r e  pressnted 
i n  f i g u r e  10, Tho curves show t h e  t ip-speed f a c t o r  ?lt as a 
functior,  of t i p  Mach number m6, f o r  var ious advmce-diameter 
r a t i o s  Js In using those curves t h o  same c r i t i c a l  t i p  3ach ' 

nuxber ::'m assmed  t o  q p i y  t o  the  propel le r  on t h e  Eel1 
P-39W-1 a i rp lane  as applied t o  t h e  t e s t  p rope l le r  o f  reference 
5, s ince  it was of t h e  same thickness  r a t i o  and both propel le rs  
had high-cr i t ical-speed t i p  sections. 

The c o n p r e s s i b i l i t y  losses over t h e  blade roo t  were e s t i -  
mated by thr. method devdoped i n  referenco 6, 
rectj-ons ma-e then applied t o  t h e  proDeller e f f i c i enc ie s  of 
rcfercncc 2 f o r  power coef f ic ien ts  of 0,2 and O o 3 ,  and f o r  pro- 
p e l l e r  t i p  kach num5ers of 0,8 and 1.2. These curves a r e  shown 
i n  f i g u r e  11 as qr r  
with root  losses  t o  propel ler  e f f ic iency  with no root  l o s seso  
The over-all  e f f ic iency  o f  the propel le r  was t h e n  calculated by 
miiltiplying t h e  values of efficioncy obtained from t h e  char t  of 
f i g u r e  10 m d  t h e  cha r t  o f  f igure  11. 

The rbdL corr 

which i s  the  r a t i o  o f  p rope l le r  e f f ic iency  

To e s t a b l i s h  t h e  ari t ica3. Xach number of t h e  Bel l  P-39N-1 
o i rDlmc  wing, use was made of' normal-force-distribution d a t a  
a t  f i v e  spanwise s t a t i o n s  along t h o  wing, Theso d a t a  had been 
measured i n  f l i g h t  i n  connection with a soparato i n v e s t i g a t i o n  
on t h e  airplane.  The c r i t i c a l  ?%ch number was determined a t  
ooch sec t ion  f o r  t h e  F w t i c u l a r  sec t ion  l i f t  c o c f f i c i c n t  corre- 
sponding t o  an airpl'mc l i f t  o f  0.06, which i s  an average l i f t  I 

cooff ic ien t  f o r  t h e  drag curves of  f i g u r e  5. Since only normn'i- 
l o r c e - d i s t r i b u t i o n  d a t a  were taken, the f l i g h t  d a t a  had t o  be 
reduced t o  pressures  on upper and lower surfaces.  This was done 
as is out l ined  i n  reference 9, which prcsenks a method f o r  t h e  
rapid ca lcu la t ion  o f  t h e  pressure d i s t r i b u t i o n  over an a i r f o i l  
scc t ion  whcn t h e  normal-force d i s t r i b u t i o n  and t h e  pressur2 d is -  
trib1:tion over t h e  base p r o f i l e  ( i*e. ,  t ho  p r o f i l e  of the same 
p i r f o i l  if t h e  camber l i n c  were s t r a i g h t  and i f  t h e  r e su l t i ng  
a i r f o i l  were a t  zero angle  of a t t ack )  :!.re known, Since the re  
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were no pressure-distributi .cn d a t n  ava i l ab le  for base p r o f i l e s  
corresponding t o  t h e  t e s t  s ec t ions ,  t h e o r e t i c a l  ke.se-prof i l e  
pressure-coefficient d i s t r i b u t i o n s  were used as detennined from 
t h e  above-mentioned reference.  

The r e s u l t i n g  pressure d i s t r f b u t i o n s  gave r e s u l t s  which 
checked very c lose ly  t h e  value of c r i t i c a l  Mach number as de- 
termined by reference 10. The peak pressures  a t  spanwise sta- 
t i o n s  A, E ,  C ,  end D occurred between 10 m d  20 percent chord, 
hence t h e  peak pressure was we l l  defined. For  s t a t i o n  E, 
which i s  approximateiy an NkCX 23010 sectioli,  t h e  peak pres- 
sil.re occurs over an exti-emely l i i i i t e d  port ion of' t h e  a i r f o i l  
chord near t he  leading edge, and t h e  r e l a t i v e l y  f e w  o r i f i c e s  
rl8a.r the  lezding edge prevented t h e  pedc pressures  fro!;i beirg 
accurateljr established. A value f o r  t h e  c r i t i c a l  Mach number 
f o r  t h e  t i p  s e c t i o n  ( s t a t i o n  5) WES a r r ived  a t ,  however, by 
use o f  reference 10. Since t h e  p re s su re -d i s t r ibu t ion  da ta  
from f l i g h t  gave r e s u l t s  thRt were i n  very c l o s e  agrement  7vi.th 
t h e  t h e o r e t i c a l  d a t a  f o r  s t a t i o n s  A, B, C,  and D ,  it i s  thoaght 
t h a t  th3 vs lue  o f  sectior, c r i t i c a l  Xach nwLber f o r  s t a t i o n  E 
i s  probably n o t  g r e a t l y  i n  error,, 
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HIGI:-SPED DIVE OF B%LL P-39F-1 AIRPLANE 

:)er ! A t  stmt 
, o f  d ive  
i (W 
I 

I 
-- .- 

1 i30,GOO 

2 128,000 

3 134,000 
1 

4 32,000 

5 '32,300 

6 ,30,000 

I 

I 

- _- -- - - - 

S t e r  ' a cce l e r -  Inumber : rpm 
lull-out j ation I 1 a t t a i n e d  i I 

I pull-out ' ! 

(ft) ,I"ac%or at' 

11, ,500 

10,300 

12 ,100  

22,,000 

12, BOO 

4.4 I .777 
I 

5.8 j .797 

.- -. ._ 

3050 

2 800 

3000 

3000 

2800 

2600 
- -_ __  

Throt kle  
s e t t i n g  

--_.I 

Varied 

P a r t  

F u l l  

P a r t  

Part 

Vzr i ed 
. - . .- . 

NOTE: O i l  m d  coolant s h u t t e r  pos i t i on  f o r  all dives;  
one-half open (flush d t n  exterm1 l i n e s  o f  fu se l age )  

. 



NACA ACR lo. 5D04 Pig. 1 

. 

rl 
CD 
I 

. 

. 

BATIONAL ADO1 WRY c COMMITTEE FOR 
UElOIAUTIC8 

L 
- e. 

Figure 1.- Three-view drawing o f  the Bel l  P-39N-1 airplane. 
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3 9 7 Q O  f ee t  - Clean c o n d i t i o n ,  oil  and c o o l a n t  s h w f t e r s  

ftus h . 8 e// P-39N-/ airp/ane. 
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Dishnce o f  spanwise sfcd'/an from airphne center line,FI. 

hgure ST Variation of  sectibn critical Much number wf.th span o n  
the P-39N-l airplane. 
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